Introduction {#sec1}
============

Superparamagnetic Fe~3~O~4~ nanoparticles (NPs), with core diameters of 3--15 nm, are used in a rapidly expanding number of applications in the biomedical field; the most common include magnetic cell labeling,^[@ref1],[@ref2]^ hyperthermia,^[@ref3],[@ref4]^ drug delivery,^[@ref5]^ and as contrast agents for magnetic resonance imaging.^[@ref6]−[@ref8]^ Rapid aggregation and precipitation of the iron oxide cores occur without a sterically stabilizing shell; a grafted polymer brush shell is the most stable and one of the most common surface modifications to enable dispersion of NPs in aqueous solutions containing biomolecules.

With recent improvements in the synthesis of NPs,^[@ref9]^ there has been a move toward more and more well-defined, core--shell particle architectures.^[@ref10]^ Monodisperse spherical iron oxide NPs can be synthesized with well-controlled magnetic and other physical properties;^[@ref11]^ these NPs should preferably be stabilized with an irreversibly anchored shell of linear, end-grafted polymer dispersants of sufficient thickness to ensure that the particle properties remain unaltered during application. This defined core--shell architecture enables the prediction of all colloidal properties and serves as a platform for further defining and designing physical, chemical, and biological interactions through the attachment of organic ligands. For example, the covalent grafting of dispersants to the core allows precise control over the hydrodynamic size, stability of the shell, and presentation of functional ligands in the shell; in contrast, NPs with dispersant shells formed by physisorption of high molecular weight dispersants are intrinsically not monodisperse and uniform nor can they ensure the presentation of attached ligands.^[@ref10]^ These differences critically determine the relative performance of the two types of NPs in a biological fluid.^[@ref12],[@ref13]^

When stabilization is achieved by grafting of a polymer brush shell, the grafting density and the molecular weight of the grafted linear polymers will determine the density profile (hydration and thickness) of the shell. A thicker and denser shell has been shown to translate into higher colloidal stability under challenging environmental conditions including high concentrations of biomolecules.^[@ref14],[@ref15]^ It requires the irreversible grafting of polymers into a spherical brush by means of a high-affinity anchor group such as nitrocatechols for grafting to Fe~3~O~4~ NPs.^[@ref10],[@ref15]^

A major challenge has been to achieve a dense grafting of dispersants also onto monodisperse cores since such cores are already coated with a high-affinity ligand of, for example, oleic acid after synthesis;^[@ref9]^ this ligand is difficult to replace with another dispersant at high density.^[@ref14],[@ref16]^ We recently introduced a new grafting method based on a two-step approach that creates NPs with complete ligand replacement and unsurpassed grafting density of poly(ethylene glycol) (PEG) dispersant.^[@ref14]^ NDA is used to replace oleic acid ligands and to provide an irreversibly bound anchor for the grafting of the PEG dispersant from a high-density melt of the polymer. The resulting core--shell iron oxide NPs have grafting densities approaching those limited by the footprint of the anchor molecule, and they display unique stabilities when dried, precipitated, heated, or exposed to high concentrations of proteins.^[@ref14]^ Since these properties are related to the density profile of the sterically/osmotically stabilizing spherical brush shell, an investigation of that structure is of highest interest for further optimization and functionalization of the shell. Previous theoretical and simulation works suggest that for very high grafting densities, a spherical brush will assume the segment density profile of a star polymer, which deviates strongly from a purely parabolic or Gaussian-type profile.^[@ref17],[@ref18]^ Our use of extremely monodisperse cores facilitates the interpretation of signals derived from the shell by minimizing signal smearing from size polydispersity. Thus, our newly developed monodisperse and densely grafted core--shell NPs are a highly interesting target for investigation of solvated shell structures.

Small-angle scattering (SAS) is a useful tool to study the size and internal structure of organic and inorganic colloids in the size range of 1--100 nm. For complex systems, SAS is advantageous compared to other methods because it allows studying the material in various solvents and environments; it is possible to characterize changes on the nanometer scale in situ and in a mostly nondestructive manner. SAS is therefore particularly valuable for studying the behavior of solid NPs with a polymer shell in biologically relevant solutions, where the solvent type and interaction with the polymer are known to strongly influence the conformation of the polymer shell.

One fundamental prerequisite for the use of scattering methods on particles in solution is the existence of a sufficiently high contrast in scattering length density between the solvent and the objects under investigation. The elemental composition of polymer shell and solvent is often similar, leading to a low contrast especially for strongly solvated shells such as PEG-brushes in water. The best contrast between polymer and water is provided by small-angle neutron scattering (SANS) in deuterated solvent. Hence, characterization of core--shell systems and in particular polymer micelles and star polymers has mainly been carried out by SANS.^[@ref19]−[@ref21]^

One major drawback of SANS is the limitation of experiments to a few, large facilities (spallation sources or reactors). In contrast to this, small-angle X-ray scattering (SAXS) can be performed on more common laboratory equipment or with extremely high brilliance at synchrotron facilities.^[@ref22]^ SAXS derives the signal from the electron density contrast between the different sample constituents. It was successfully used to characterize polymer micelles^[@ref23],[@ref24]^ and to characterize the interaction between different particles.^[@ref25]−[@ref27]^ By comparing SAXS results with those from other methods such as transmission electron microscopy (TEM), dynamic light scattering (DLS), X-ray diffraction (XRD), or nitrogen sorption (BET) a very good agreement has been found in terms of size and polydispersity of a variety of NP and nanoporous systems especially between TEM and SAXS results for solid cores.^[@ref28],[@ref29]^

SAXS analysis of the structure of inorganic core--solvated polymeric shell systems has been limited by the electron density contrast achievable between the core, the shell, and the surrounding solvent. In particular, the contrast between a highly hydrated polymer shell and water is low. A successful SAXS study was done, for example, on polystyrene chains on silica NPs dispersed in tetrahydrofuran^[@ref30]^ and in H~2~O^[@ref31]^ to indirectly characterize the shell by means of analyzing the particle--particle interaction. The interaction of iron oxide NPs with hydrated PEG shells with respect to cluster formation was investigated on the basis of analysis of the interparticle distance and aggregation behavior of the solid cores (structure factor).^[@ref25]−[@ref27]^ However, because of the low grafting density of the polymer, and consequently the low shell-to-solvent contrast, the shell was not visible enough to study its morphology (form factor) directly.^[@ref32]^

We present the first investigation of the shell density profile of a highly solvated polymer brush shell grafted to an inorganic particle by SAXS. In this work, we demonstrate that the uniquely high polymer grafting densities that give these core--shell iron oxide NPs their unique colloidal properties also make the characterization of the associated density profiles possible by increasing the scattering length density contrast. We thereby also verify that approaching the theoretical limit for the grafting density of a spherical brush on NPs leads to a density profile best described by a star-polymer-like decay rather than the conventionally used parabolic or Gaussian-type profiles that oversimplify the internal structure of the core--shell particle.

Experimental Section {#sec2}
====================

Chemicals Used for the Synthesis {#sec2.1}
--------------------------------

All chemicals were reactant grade and used without further purification. Iron(0)pentacarbonyl (Fe(CO)~5~, 99.99%), oleic acid (CH~3~(CH~2~)~7~CH=CH(CH~2~)~7~COOH, ≥93%), dioctyl ether (\[CH~3~(CH~2~)~7~\]~2~O, \>99%), PEG O-\[2-(6-oxocaproylamino)ethyl\]-O′-methylpolyethylene glycol (Mw 5000), dopamine hydrochloride (HO)~2~C~6~H~3~CH~2~CH~2~NH~2~·HCl), sulfuric acid H~2~SO~4~ (95--98%), sodium nitrite NaNO~2~ (≥99%), Sephadex G75 (superfine), sodium chloride NaCl (≥99%), potassium sulfate K~2~SO~4~ (≥99%), and 3-(N-morpholino)propanesulfonic acid MOPS (≥99.5%) were purchased from Sigma-Aldrich, and ethanol C~2~H~5~OH (\>96%) and dimethylformamide (DMF) (\>99.9%) were obtained from Carl Roth. Purified Milli-Q (MQ) water was used for all experiments.

Core Synthesis {#sec2.2}
--------------

Superparamagnetic oleic acid stabilized NPs were synthesized by thermal decomposition of an iron precursor (iron(0)pentacarbonyl) according to a slightly modified heat-up procedure^[@ref33]^ and described previously.^[@ref14]^ After magnetic separation and reprecipitation (two times) from toluene with ethanol (EtOH), the purified NPs were collected for further processing.

Nitrodopamine Priming by Ligand Exchange {#sec2.3}
----------------------------------------

Nitrodopamine (NDA) was used as anchor to prime the particles for grafting of aldehyde-poly(ethylene glycol) (ALD-PEG), as previously described.^[@ref14]^ NDA was chosen as primer and dispersant anchor because of its demonstrated nondestructive and irreversible binding to Fe~3~O~4~ NP surfaces.^[@ref15]^ NDA was synthesized following a modified method published earlier.^[@ref34]^ Ligand exchange of oleic acid against NDA was performed in DMF at room temperature for 16 h. After three-fold precipitation with EtOH and centrifugation (5000 rpm/5 min), the fully NDA-coated NPs were dried under an N~2~ stream.

Melt Grafting {#sec2.4}
-------------

The grafting of ALD-PEG (5 kDa) to the NDA was performed as previously described.^[@ref14]^ Briefly, the iron oxide NDA-coated NPs were mixed under a continuous stream of N~2~ in an excess of molten ALD-PEG in a glass vial and held at 100 °C for 2 h. After the reaction was completed, the mixture was cooled down to room temperature, and the particles were redispersed in MQ water and sonicated for 1 h.

Purification and Characterization of PEG-Grafted NPs {#sec2.5}
----------------------------------------------------

The NPs were gel-filtrated through a hand-packed 25 cm/2.5 cm Sephadex G75 column in pure water using just hydrostatic pressure to ensure removal of unbound excess ligands. The eluate was split into fractions, which were analyzed in terms of grafting density. The fractions with a grafting density of 3.5 chains/nm^2^ as determined by TGA, displaying the highest colloidal stability,^[@ref14]^ were selected for all further experiments.

TEM Acquisition and Image Analysis {#sec2.6}
----------------------------------

A small amount of product was dissolved in water (PEG-grafted NPs) or toluene (as-synthesized NPs) and dropped onto a TEM-grid (3.05 mm HR-TEM-grid, copper 300 mesh, carbon film). TEM images were obtained using a FEI Tecnai G2 200 kV transmission electron microscope at 200 kV. Core diameters were evaluated using the Pebbles software package^[@ref35]^ with a local intensity fitting algorithm. For this analysis, about 1000 particles were sampled by Pebbles.

TGA and Grafting Density {#sec2.7}
------------------------

Samples of 1--3 mg each were weighed in 70 μL Alumina-cups and measured on a Mettler-Toledo TGA/DSC 1. The samples were measured under constant flow of synthetic air (80 mL/min) plus 20 mL/min nitrogen stream as protection gas for the balance at a heating rate of 10 K/min. Analysis was performed using the Mettler-Toledo software (simple step-function from 150 to 500 °C). The total organic content was determined from the mass loss occurring up to 500 °C, above which the Fe~3~O~4~ oxidizes. The total organic content was then used to calculate the grafting density based on the core diameter established by TEM (and confirmed by SAXS) and the known molecular weights of NDA and PEG.

Sample Preparation and SAXS Measurements {#sec2.8}
----------------------------------------

As-synthesized Fe~3~O~4~ NPs were prepared as a dry powder between two layers of Scotch tape and measured for 60 s.

The purified PEG-grafted NPs were diluted in MQ water to concentrations of 5, 1, and 0.5 mg/mL. Measurements were performed at room temperature.

The cloud point buffer measurements were performed on PEG-grafted NPs dispersed in MOPS buffer (0.5 M NaCl, 0.5 M K~2~SO~4~, and 0.08 M MOPS) at a concentration of 5.43 mg/mL. Measurements were performed in a temperature range from 20--50 °C with a heating and cooling rate of 1 K/min.

All solutions were loaded in type 0500 glass capillaries (Hilgenberg, Germany) with nominal diameter of 1 mm and wall thickness of 10 μm. They were flame-sealed to rule out contamination and finished with a droplet of epoxy resin to avoid any evaporation during the course of measurement.

Measurements were carried out using a Rigaku S-Max 3000 SAXS system equipped with a copper-target micro focus X-ray tube MicroMax-002+ (45 kV, 0.88 mA) with an energy of 8.05 keV, collimated through three pinholes (400, 200, and 700 μm) to achieve a beam diameter at the sample position of 210 μm (fwhm) and a Triton 200 2D multi wire gas-filled X-ray detector (200 mm diameter of active area, spatial resolution 200 μm). Data were acquired in the *q*-range from 0.01--0.95 Å^--1^ with a measurement time of 28.800 s for each scattering pattern at vacuum conditions better than 10^--2^ mbar. In situ heating experiments were carried out at the Austrian SAXS beamline at Elettra synchrotron Trieste, Italy, with a fixed energy of 8.00 keV.^[@ref36]^ For this experiment, a Pilatus3 1 M detector (Dectris, Switzerland) was used, which gave access to a *q*-range from 0.01--0.65 Å^--1^. Heating was carried out using custom-made heating stage with water circulation. Measurement time was 2 s per scattering pattern.

Subsequent data treatment included background correction based on the measured transmission and radial integration with the SaxsGui 2.8.03 software package. In cases of large deviation in the capillary dimensions (± 5%), the transmission was normalized with the absorption of water through the equivalent thickness. To that end, the outer diameter of the capillaries was measured using a light microscope (Leica DM 4000 M). No deviations of the wall thickness were observed, and therefore no correction was needed.

SAXS Data Fitting Model {#sec2.9}
-----------------------

A theoretical model of the shell morphology was developed based on a mean field statistical approach to star polymers established by Daoud and Cotton^[@ref37]^ and was applied successfully to different core--shell^[@ref38]^ and micellar star polymer structures.^[@ref20]^ Following this approach, the spherical brush grafted to the NP core is represented by a sequence of concentric, close-packed blobs. Within every blob, chains behave as if they were free, hence following the free chain scaling laws. The local monomer concentration can be computed as a function of the radial distance *r*. The polymer shell around the grafted magnetite cores can be described as a star polymer with *f* branches (the number of grafted chains), each of which consists of *N* monomer units of lengths *l*, where *l* is taken to be half the Kuhn length. The Kuhn length depends on the monomer size, the flexibility of the chain, and the solvent quality; for PEG in water, it has been demonstrated that the PEG monomer length corresponds to half the Kuhn length, *l*.^[@ref39],[@ref40]^

Because of the spherical symmetry of the system, the polymer brush covering the core is represented as a sequence of concentric blobs of radius ξ(*r*), where *r* is the distance from the center of the particle. From geometrical considerations, it follows that the radius ξ(*r*) of the close-packed blobs scales as

According to the Daoud--Cotton model, it is possible to distinguish three regions. A graphical representation of the partitioning of the shell into regions with different scaling behaviors is given in Figure [1](#fig1){ref-type="fig"}.

![Representation of the Daoud--Cotton blob model for a spherical brush grafted to a solid core. ξ(*r*) is the radius of an individual blob. The transition radius between melt-like (constant monomer concentration) and unswollen behavior is *r*~1~. In the case of PEG, which has a negligible unswollen region, *r*~1~ coincides with the transition radius between the unswollen and swollen regions, which is indicated by *r*~2~. *R~C~* is the radius of the iron oxide core, *R~p~* the radius of the full particle.](cm-2015-014889_0001){#fig1}

The first region *r* \< *r*~1~ = *lf*^1/2^ is characterized by a constant density of monomers. In this region, the grafted chains are so closely packed that the density corresponds closely to that of the pure polymer in a melt rather than that of a solvated state. Provided the grafting density is high enough, it directly determines the monomer concentration in this region. Originally called core region, the term "melt region" is used in this paper to avoid confusion with the iron oxide cores used as the grafting surface and to emphasize that this density is reached through the melt-grafting approach. Note that *r*~1~ only depends on the number of arms, *f*, grafted to the surface and the monomer length *l* (dependent on the Kuhn length). Since *r*~1~ does not contain the excluded volume parameter, it is only negligibly affected by factors such as temperature, molecular weight of the dispersant, or ion concentration compared to the outer part of the shell.

The region *r*~1~ \< *r* \< *r*~2~ is termed the "unswollen" region. Here, the behavior of the polymer is ideal even over distances longer than the blob radius ξ(*r*). The polymer is solvated, and the volume it occupies is influenced by the solvent quality through the excluded volume parameter ν̅,^[@ref41]^ a measure of the interaction volume per monomer.

The "swollen" region starts at distance *r*~2~ given byIn contrast to *r*~1~, *r*~2~ is also influenced by the excluded volume parameter and therefore solvent quality, which can be affected by factors such as ionic strength or temperature.

Since the excluded volume parameter ν̅ is one for PEG in water,^[@ref42]^*r*~1~ = *r*~2~ and the unswollen region vanishes. For distances *r* \> *r*~2~, the polymer is self-avoiding at distances smaller than the blob radius ξ(*r*). For self-avoiding polymer statistics, the monomer concentration scales with the radius asThe monomer concentration will thus follow the usual star polymer *r*^--4/3^ decay.^[@ref37],[@ref41]^

In this paper, we assume that the star polymer behavior will be essentially unchanged if the center of the star polymer is replaced by a solid core.

Eq [4](#eq4){ref-type="disp-formula"} summarizes the concentration of monomers for the entire shell of a densely grafted NP with a PEG shell:

The number of PEG chains attached to the core surface, *f*, is calculated from the grafting density ρ~graft~ (measured by TGA) and the core radius *R*~*c*~ (measured by TEM and SAXS on the bare cores):

The total number of monomers in the shell of a core--shell particle of total radius *R*~*P*~ has to equal the number of polymer chains times the number of monomers per chain *N*, a criterion which can be generally expressed aswith *R*~*P*~ the total core--shell particle radius. In our case, both the swollen region for *r* \> *r*~1~ = *r*~2~ = *lf*^1/2^, with a decaying monomer concentration, and the melt region for *r* \< *r*~1~ = *r*~2~ = *lf*^1/2^, where the monomer density equals *c*(*r*)~*r*=*r*1~ = *const*, contribute to the total number of monomers, which can be expressed asBy integration and rearranging, the monomer concentration in the constant density region *R*~*c*~ \< *r* \< *r*~1~ = *r*~2~ can be expressed as

The monomer concentration, *c*(*r*) can then be used to calculate the electron density or scattering length density (SLD) profile plotted in Figure [2](#fig2){ref-type="fig"}; the SLD of the shell consisting of monomers and water in SAXS is related to the ethylene glycol monomer concentration *c*(*r*) bywhere *c*(*r*) is the number density of the monomer molecules and *c*~H2O~ the number density of water molecules in pure water. *m*~mol,Mono~ is the molar mass of the monomer, ρ~Mono,melt~ the melt density of the monomer, and *N*~A~ the Avogadro number. *b*~coh,Mono~ and *b*~coh,H2O~ are the coherent scattering lengths of monomer and H~2~O, respectively; the coherent scattering length is calculated from the atomic number *Z* of the constituting atoms and the classical electron radius as *b*~coh~ = *Z* × *r*~*e*~.

In practice, the SAXS signal depends on the scattering length density contrast of core and shell with respect to the solvent, and in particular on the concentration of monomer in the melt region. Therefore, we have defined a relative scattering length density of the melt region compared to that of the core. It is a measure of how much the shell contributes to the SAXS signal and therefore allows an estimate of the visibility of the shell:

![Relative radial electron density distribution in contrast to water and normalized with respect to the core (value of 1 in the core region, blue) is shown. It further consists of the constant density (melt) region (purple) and the *r*^--4/3^ decay (swollen) region (green), as obtained from the monomer density distribution in eq [10](#eq10){ref-type="disp-formula"}. For reasons of visibility, the *y*-axis is truncated. The constant value Δ**S*LD* denotes the relative scattering length density contrast of the shell in the melt region adjacent to the core, which is a measure of the maximum visibility of the shell.](cm-2015-014889_0002){#fig2}

The X-ray scattering is given by the Fourier transformation of the scattering length density variations encountered in a system, leading to the form factor *F*(*q*) of a core--shell particle expressed aswhere *q* is the scattering vector:^[@ref43]^The combination of eqs [4](#eq4){ref-type="disp-formula"}, [10](#eq10){ref-type="disp-formula"}, and [11](#eq11){ref-type="disp-formula"} leads to the fitted function:where *bg* is the constant background, *amp* the amplitude of the fit function, and ψ(*r*) is given by

The model (eq [13](#eq13){ref-type="disp-formula"}) was implemented in a Mathematica 9 script and fitted to the SAXS data in a *q*-range from 0.045--0.49 Å^--1^ using the free variables of total core--shell particle radius *R*~*P*~ and the scattering length density contrast of the constant density part of the shell Δ**S*LD*. The value for the core radius was fixed to the values determined separately by the TEM measurements and shown to be consistent with SAXS measurements of the pure cores (see further). Fitting was carried out using a Levenberg--Marquardt algorithm weighted least-squares fit and evaluated by means of goodness-of-fit *R*^2^ for the whole fit and the estimated standard errors for each fit parameter.

Once a constant density region is achieved through high enough grafting density, the Δ**S*LD* is from a theoretical point of view a constant determined by the grafting density, Kuhn length, and the excluded volume of the monomers.

For the practical task of fitting the SAXS curves, however, it can be shown that the apparent value of Δ**S*LD* is affected by the polydispersities in *R*~*c*~, σ~graft~, *r*~1~, and *R*~*P*~, which leads to smearing out of the signal and a lower apparent Δ**S*LD*. Since it is practically impossible to determine each of these parameters individually, the approach of attributing their cumulative effect by leaving Δ**S*LD* a free fit parameter was chosen. We emphasize that the polydispersity in each parameter is nevertheless unusually low due to the use of monodisperse cores and dispersants as well as the use of a grafting and purification method that results in an extremely high and uniform grafting density.^[@ref14]^

Results and Discussion {#sec3}
======================

Core Size and Grafting Density {#sec3.1}
------------------------------

First, the iron oxide core size was determined by evaluating SAXS data and comparing the obtained hard sphere size to TEM data. Figure [3](#fig3){ref-type="fig"} shows the X-ray scattering intensity from dry cores coated with oleic acid (red squares) with the fit-function for the form and structure factors of hard spheres (monodisperse approximation) with Gaussian size distribution (black line). The diameter was determined to be 4.6 nm with a polydispersity of 7%.

![SAXS on as-synthesized, oleic acid coated cores as dry powder (red, squares) and the fitted function (black line). The inset shows a TEM micrograph of the particles, scalebar 10 nm.](cm-2015-014889_0003){#fig3}

Table [1](#tbl1){ref-type="other"} gives an overview of the results from the different methods to determine the core size. A manual analysis of the cores in the TEM images yields systematically smaller diameters than the other two methods. The discrepancy is attributed to the fact that the particle size is measured with the high contrast area taken as the particle. More advanced fitting of the TEM images using the software Pebbles uses the grayscale intensity to extrapolate the true extension of a spherical particle.^[@ref35]^ Thus, the TEM diameters evaluated using Pebbles are consistently larger than the manually measured diameters and in excellent agreement with the diameters determined by SAXS. This validates our use of TEM to determine the core diameters using Pebbles for the calculation of the grafting density of the shell. For the investigated particles, the total organic content was determined to be 91.1% \[%w/w\], which together with a PEG molecular weight of 5 kDa yields a grafting density of ∼3.5 chains/nm^2^.

###### Comparison of Core Radius and Polydispersity Measured by SAXS and TEM. Values Given for As-Synthesized Cores and the Cores in the Core--Shell NPs Originate from Different Batches.

  sample                        SAXS *D* \[nm ± SD\]   TEM *D* Pebbles \[nm ± *SD*\]/no. of particles   TEM *D* manual \[nm ± *SD*\]/no. of particles
  ----------------------------- ---------------------- ------------------------------------------------ -----------------------------------------------
  As-synthesized Fe3O4 cores    4.6 ± 0.34             4.6 ± 0.30/1360                                  4.35 ± 0.25/252
  Core--Shell particles, core   3.7 ± 0.42             3.8 ± 0.4/1209                                   3.4 ± 0.3/200

By using eq [5](#eq5){ref-type="disp-formula"} and considering the cores grafted with PEG having a diameter of 3.7 nm, the minimum grafting density necessary to obtain a melt-like constant density region with a diameter ≥ 3.7 nm was found to be 0.55 chains/nm^2.^. This is far below the grafting density of 3.5 chains/nm^2^ calculated from TGA and TEM data for the used particles. We therefore assumed the Daoud--Cotton model with a constant density region as the basis for fitting all acquired core--shell particle SAXS data.

Investigation of Particle--Particle Interaction (Structure Factor) {#sec3.2}
------------------------------------------------------------------

The thickness of polymer shells grafted to NPs is highly dependent on the solvent, which is crucial to their functionality in biological environments. Measurements were carried out in MQ water and buffer solutions. Figure [4](#fig4){ref-type="fig"} shows a typical scattering curve from a core--shell particle in water and exhibits two distinct features; one in the high *q*-range from 0.23--0.42 Å^--1^, which can be attributed to the core signal (cf. Figure [3](#fig3){ref-type="fig"}), and a shoulder in the region of 0.12 Å^--1^.

![SAXS for 3.7 nm in diameter iron oxide core particles grafted with a PEG (5 kDa) shell of 3.5 chains/nm^2^. The scattering from the cores is observed in the range from 0.23--0.42 Å^--1^ (cf. Figure [3](#fig3){ref-type="fig"}). A distinct shoulder attributed to the shell is observed at 0.12 Å^--1^ (arrow). Particle concentration: 5 mg/mL.](cm-2015-014889_0004){#fig4}

Similar shoulders have been reported in the literature. Various interpretations have been put forward ranging from particle--particle interactions (structure factor)^[@ref25]^ to dumbbell formation.^[@ref26],[@ref27]^ Therefore, a dilution series was carried out to ascertain that the shoulder could not be attributed to concentration-dependent particle--particle interaction (such as hard sphere interaction); a lower concentration will shift the peak position to smaller *q* if the shoulder results from particle--particle interactions.

The scattering curves in Figure [5](#fig5){ref-type="fig"} depict the scattering from core--shell particles at decreasing concentration. The shoulder is found at 0.12 Å^--1^ for all concentrations. The signal strength of all features decreases proportionally with decreasing concentration. We therefore conclude that the peak at 0.12 Å^--1^ is due to a permanent structural feature of the individual NPs (such as the shell) and cannot be attributed to a concentration-dependent structure factor. It should be noted that a shoulder due to a structure factor at 0.12 Å^--1^ would correspond to an interparticle distance of 5.2 nm and could therefore only be caused by NP cores in close proximity such as in dumbbells or other agglomerations of "naked" NPs. This option was investigated and its absence demonstrated by TEM and evidence from cloudpoint buffer experiments (see further below). We therefore fitted the SAXS signal with the core--shell electron density profile derived from the Daoud--Cotton theory.

![SAXS for 3.7 nm in diameter iron oxide core particles grafted with a PEG (5 kDa) shell of 3.5 chains/nm^2^ at different concentrations (black, 5 mg/mL; red, 1 mg/mL; and blue, 0.5 mg/mL). The shoulder is found at 0.12 Å^--1^ for all concentrations.](cm-2015-014889_0005){#fig5}

Size and Scattering Contrast of the PEG Shell {#sec3.3}
---------------------------------------------

Figure [6](#fig6){ref-type="fig"} displays model fits to the scattering curve in Figure [4](#fig4){ref-type="fig"}. (blue). The fit of the Daoud--Cotton model (red) is consistent with a constant density of the core, a high constant density region of PEG close to the core, and a decrease of PEG density according to *r*^--4/3^ in the outer part of the shell as predicted for star polymers in a good solvent. The radius of the whole particle is obtained as *R*~*P*~ = 8.2 nm from this fit.

![Representative fit of the Daoud--Cotton model for the core--shell particles in water (red line) and a parabolic "brush" density profile modeled to the obtained particle parameters (blue). The data set for the fit is shown as black squares.](cm-2015-014889_0006){#fig6}

The limit of the constant density region (*r*~1~) was calculated to be 4.6 nm as derived from the Daoud--Cotton model and the measured grafting density (eq [2](#eq2){ref-type="disp-formula"}).

The measured grafting density, together with the fitted *R*~*P*~, translates to a monomer density at the core of 1.18 × 10^22^ cm^--3^, which is close to but lower than the monomer density of 1.55 × 10^22^ cm^--3^ calculated for a PEG melt (calculated from Sigma-Aldrich datasheet values).

The scattering length density of the PEG shell at the core follows from this as 1.02 × 10^11^ cm^--2^ according to eq [9](#eq9){ref-type="disp-formula"}. According to eq [10](#eq10){ref-type="disp-formula"}, this yields Δ**S*LD* = 0.025 compared to Δ**S*LD* = 0.033 for pure melt, assuming a scattering length density of 4.11 × 10^11^ cm^--2^ for the Fe~3~O~4~ cores and 9.43 × 10^10^ cm^--2^ for H~2~O.

Note that curve fitting gave a value for the Δ**S*LD* of 0.015 (Table [2](#tbl2){ref-type="other"}). This is lower than the 0.025 calculated from the fitted *R*~*P*~ by a factor of 0.6, which could partly be attributed to polydispersity of the shell. Furthermore, it should be noted that the *R*~*P*~ measured by SAXS relies on the contrast of the hydrated polymer shell with respect to water. It may not reflect the outermost radius of the shell that may fade out rather than end abruptly. The *R*~*P*~ measured by SAXS will represent a radius comprising the dense parts of the shell and the vast majority of, but possibly not all, monomers. This difference can also have contributed to the discrepancy between the fitted and calculated Δ**S*LD*.

The core--shell particles exhibit a remarkable monodispersity evident also in the SAXS data both for core and shell features that justifies our approach. Substantial polydispersity would smear out the features to the point where they would be indistinguishable; the clearly visible features (two minima can be observed) show that the polydispersity is very low.

As comparison, the power law in eq [3](#eq3){ref-type="disp-formula"} was replaced by a parabolic density profile, which is often used to approximate polymer brush density profiles; the corresponding scattering profile is depicted as the blue line in Figure [6](#fig6){ref-type="fig"}. The values for *R*~*P*~, *amp*, and *bg* were the same as those obtained by the fit of the Daoud--Cotton model; the Δ**S*LD* was chosen to be the melt limit value of 0.033. It can be clearly seen that the parabolic density profile fails to describe the shoulder observed in the SAXS data, which was nicely captured by the Daoud--Cotton model.

Cloud Point Buffer Experiments {#sec3.4}
------------------------------

Shtykova et al. attributed a similar shoulder to what we observe at 0.12 Å^--1^ to the formation of dumbbells for particles with lower polymer grafting density than in our samples.^[@ref27]^ Dumbbells were not observed by us in any TEM images; the cores of PEG-grafted NPs were always found well separated.

However, TEM is not acquired under solvated conditions, suffers from poor statistics, and might not show a representative sample. Therefore, to further test the dumbbell hypothesis on our samples, we investigated the influence of temperature on the shoulder peak in a so-called cloud point buffer that lowers the lower critical solution temperature (LCST) of PEG to ∼70 °C. If the shoulder is due to the PEG shell, temperatures approaching the LCST of the PEG should result in a decreasing shell thickness visible in the SAXS curve; dumbbells would not be affected by temperature changes.

A cyclic temperature program was chosen starting at 20 °C heating to 50 °C, then holding this temperature for 5 min and subsequently cooling to 20 °C. Heating and cooling was performed at 1 K/min and with 1 K temperature resolution.

The results of the temperature cycling show that the shoulder is indeed responsive to changing temperature (Figure [7](#fig7){ref-type="fig"}) and that the change in shell size starts to take place already at 35 °C (Figure [8](#fig8){ref-type="fig"}). This means that the transition of the PEG brush to a less solvated state of lower thickness starts at a significantly lower temperature than what is observed for free PEG in the same buffer. We can only speculate to the reason for this, which merits a separate investigation; an explanation could be related to the much higher density of the PEG in the shell than for free solvated PEG and possibly a locally higher ion concentration due to specific ion interactions with the brush polymer. At a temperature of 50 °C, the shell is not fully collapsed and dehydrated.

![SAXS on iron oxide core--melt-grafted PEG shell particles in cloud point buffer for cyclic change of temperature. The temperature is cycled from 20 °C (green) to 50 °C (red) and subsequently cooled to 20 °C (cyan). Scattering data as symbols and Daoud--Cotton fits as solid lines.](cm-2015-014889_0007){#fig7}

![Total particle radius *R*~*P*~ iron oxide core--melt-grafted PEG shell particles in cloud point buffer in response to temperature changes.](cm-2015-014889_0008){#fig8}

At the initial 20 °C (green), the total particle radius including the shell has a fitted size of *R~P~* = 8.8 nm, comparable to the size observed in water. Heating to 50 °C (red) shrinks the radius to *R~P~* ≈ 7.5 nm. The final cooling step to 20 °C (cyan) relaxes the particle radius to *R*~*P*~ ≈ 8.6 nm, which within the margin of error is comparable to the initial particle radius. It is therefore once more concluded that the shoulder is due to the PEG shell. This experiment shows not only the reversibility of the temperature-induced change in shell thickness, but also also shows that the shell always maintains a clearly defined size with low polydispersity, as otherwise the signal would vanish.

Some precipitation of the particles in the capillaries after temperature cycling was observed through the slight loss in scattering intensity. It cannot be ruled out that the precipitation in part is related to radiation damage or specific interactions introduced by the cloud point buffer. Previous investigations of colloidal stability at temperatures \>70 °C of melt-grafted core--shell NPs in aqueous suspensions have shown remarkable stability without precipitation in water and excellent stability also at high temperature in PBS when investigated by turbidity measurements and by DLS.^[@ref14]^

Table [2](#tbl2){ref-type="other"} shows the resulting fit values for the shell diameter and the Δ*SLD* for the PEG core--shell NPs in different sample environments; in all cases, the fits had *R*^2^ \> 0.99. The results for the particles in MQ water are fully consistent, as they indicate a monomer density lower than the limited imposed by a melt. The cloud point buffer temperature cycle measurements yield relatively different values for Δ*SLD* at the different temperatures. This is likely explained by the property of cloud point buffers to change the conformation and local ion concentration by specific interaction of the buffer salts with the polymer in the shell. A higher ion concentration within the brush than in the bulk due to specific interactions would increase Δ*SLD*. The Δ*SLD* parameter only governs the definition and shape of the shoulder and not its position. The observed change in the shoulder position can therefore be attributed to contraction and subsequent expansion of the shell during the temperature cycle.

###### Fitted Values for Particle Radius and Δ*SLD* for Core--Shell NPs in Different Sample Environments

  sample                          *R*~*P*~ \[nm\]   Δ*SLD*
  ------------------------------- ----------------- -----------------
  core--shell particles in MQ     8.2 ± 0.1         0.0143 ± 0.0007
  cloud point 20 °C first step    8.8 ± 0.1         0.0119 ± 0.0003
  cloud point 50 °C second step   7.4 ± 0.1         0.0248 ± 0.0001
  cloud point 20 °C third step    8.6 ± 0.1         0.0195 ± 0.0004

Conclusions {#sec4}
===========

We have characterized the core--shell structure of highly monodisperse and densely grafted iron oxide core--PEG-brush shell particles by SAXS. We have demonstrated the feasibility of using SAXS to characterize the size and swelling behavior of the PEG shell; this is in contrast to previous studies, in which much lower polymer grafting densities resulted in too low scattering length density contrast to resolve the shell. Great care was taken to rule out other contributions to the SAXS signal such as a structure peak from particle aggregation or dumbbells present from the synthesis by performing a dilution series and studying the temperature response of the size of the shell. Thereby, the appearance of a size-feature-specific to the shell could be proven.

The highly monodisperse NPs allowed the fitting of the shell density profile to a mean-field scaling model first derived by Daoud and Cotton for star polymers and adapted by us to densely grafted spherical brush core--shell NPs. This model quantitatively fitted the experimental data for all observable states of the shell including the temperature induced contraction of the shell in cloud point buffer. In contrast, a parabolic brush-type density profile could not reproduce the clear shoulder defined by the shell. These results support a constant monomer density region comparable to the density of the corresponding polymer melt closest to the core followed by a region of monotonously decreasing monomer density corresponding to that of a star polymer to describe the internal structure and unique colloidal properties of ultradensely grafted core--shell NPs.^[@ref14]^

Our findings demonstrate that SAXS can be applied to structural studies of hybrid core--shell NP systems. This opens up new opportunities for the study of, for example, fast changes in core--shell NP structure. For such studies, SAXS has important advantages over competing techniques such as SANS as the experiments can be carried out with laboratory equipment or high brilliance synchrotron sources with very high time resolution.

The demonstrated existence of a "melt-like" polymer density in our core--shell particles close to the core could mean that aggregation or adsorption of such particles is only possible after destruction of the shell, leading to unique properties as emulsifiers, in hybrid materials and for biomedical applications.
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